Alternative splicing in the fibroblast growth factor receptor 1 (Fgfr1) locus generates a variety of splicing isoforms, including FGFR1␣ isoforms, which contain three immunoglobulin-like loops in the extracellular domain of the receptor. It has been previously shown that embryos carrying targeted disruptions of all major isoforms die during gastrulation, displaying severe growth retardation and defective mesodermal structures. Here we selectively disrupted the FGFR1␣ isoforms and found that they play an essential role in posterior mesoderm formation during gastrulation. We show that the mutant embryos lack caudal somites, develop spina bifida, and die at 9.5-12.5 days of embryonic development because they are unable to establish embryonic circulation. The primary defect is a failure of axial mesoderm cell migration toward the posterior portions of the embryos during gastrulation, as revealed by regional marker analysis and DiI labeling. In contrast, the anterior migration of the notochord is unaffected and the embryonic structures rostral to the forelimb are relatively normal. These data demonstrate that FGF/FGFR1␣ signals are posteriorizing factors that control node regression and posterior embryonic development.
INTRODUCTION
Vertebrate body plan is specified by inductive signals. In the mouse embryo, the anterior-posterior (A-P) axis is initiated at about E6.5 when the primitive streak begins to form at a localized region which marks the future posterior of the embryo. Epiblast cells ingress the streak and migrate both anteriorly and laterally around the circumference of the egg cylinder to form the nascent mesoderm. A structure called the node becomes morphologically distinct at the mid-primitive streak stage (about E7.5) when the primitive streak extends to the distal tip of the egg cylinder. Mesoderm cells from the node first migrate anteriorly to form anterior structures, including the foregut, the head mesoderm, and the notochord. The node subsequently regresses posteriorly to form the caudal extent of the notochord (we will refer to this process as node regression). Very little is known about inductive signals that specify node regression although several genes, including members of the fibroblast growth factor (FGF) and FGF receptor gene families, are expressed within and surrounding the node (Crossley and Martin, 1995; Haub and Goldfarb, 1991; Hé bert et al., 1991; Niswander and Martin, 1992; Wilkinson et al., 1988) .
Fibroblast growth factors constitute a family of at least 17 structurally and functionally related growth factors that have been implicated in a variety of important biological processes in a number of model systems (reviewed in Goldfarb, 1996; Martin, 1998; Szebenyi and Fallon, 1999) . It has been demonstrated in Xenopus "animal cap" assays that FGFs can induce ventral mesoderm, such as muscle, mesenchyme, and blood (Slack et al., 1989; Smith, 1989) . FGF2 (bFGF) has been shown by several recent studies to be a posteriorizing factor that influences anterioposterior neural patterning (Cox and Hemmati-Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995) . In chicken, FGF signals have been shown to be involved in the initiation, growth, and patterning of embryonic limbs and estab-lishment of the mid/hindbrain organizer (Cohn et al., 1995; Crossley et al., 1996a,b; Ohuchi et al., 1997) . In mouse, targeted disruption of FGF3 (int-2) results in abnormalities of the inner ear and caudal neural tube development, suggesting that a function of this gene is to specify regional structures (Mansour et al., 1993) . Mutation analyses revealed that FGF4 is essential for the survival and growth of the inner cell mass (Feldman et al., 1995) , that FGF6 is necessary for muscle regeneration (Floss et al., 1997) , and that FGF8 is responsible for mesoderm formation (Meyers et al., 1998) . Although mice deficient for FGF5 (Hebert et al., 1994) or FGF7 (Guo et al., 1996) are normal during embryonic development, they display malformation of hair follicles or poor keratinocyte organization in the skin, respectively.
High-affinity receptors for FGFs comprise a family of four transmembrane proteins (FGFR1-4) with intrinsic tyrosine kinase activity (Johnson and Williams, 1993; Szebenyi and Fallon, 1999) . These receptors share common structural features, including a hydrophobic leader sequence, three immunoglobulin (Ig)-like domains, an acidic region, a transmembrane helix, and divided tyrosine kinase domains (reviewed in Givol and Yayon, 1992) . Using targeted gene disruption, we and others have previously shown that FGFR1-null embryos were developmentally retarded and died during gastrulation, displaying an expansion of axial mesoderm at the expense of paraxial mesoderm (Deng et al., 1994; T. P. Yamaguchi et al., 1994) . Further studies on chimeric embryos formed using FGFR1-deficient embryonic stem (ES) cells revealed a defective migration pattern of these cells through the primitive streak (Ciruna, 1997; Deng et al., 1997) . A targeted deletion of Ig domain III (IgIII) of FGFR2 results in embryonic lethality at E9.5-E11. Mutant embryos failed to form functional placentas and limb buds . In contrast, FGFR3-deficient mice are normal during gestation and exhibit an expansion of growth plate chondrocytes and overgrowth of bones formed by endochondral ossification during postnatal development, a phenotype apparently opposite to those of human diseases caused by point mutations in FGFR3 (Colvin et al., 1996; Deng et al., 1996) . Animals lacking FGFR4 are developmentally normal .
A unique feature of FGF receptors is the existence of many isoforms generated by alternative splicing and internal polyadenylation. For example, alternative splicing at the 5Ј region of the Fgfr1 locus generates a number of isoforms, including FGFR1␣ (containing three Ig loops), FGFR1␤ (containing two Ig loops), and FGFR1␥ (identical to the FGFR1␤ except it lacks the signal sequence for membrane translocation). Similarly, alterations in exons encoding the IgIII yield FGFR1b and FGFR1c isoforms (Hou et al., 1991; Johnson et al., 1991; Werner et al., 1992) . Combined with changes in multiple additional sites along the receptors, more isoforms can be generated (reviewed in Givol and Yayon, 1992) . It was recently shown that FGFR1c is the major functional isoform of FGFR1 (Partanen et al., 1998) . Targeted disruption of this isoform consequently results in phenotypes resembling those of FGFR1-null embryos. In contrast, embryos homozygous for FGFR1b disruption were viable and fertile (Partanen et al., 1998) .
To understand biological functions of the FGFR1␣ isoforms, we inserted a neo gene into the third exon of the Fgfr1 gene, which encodes the first Ig domain. The IgI is used solely by the FGFR1␣ isoforms (Hou et al., 1991; Johnson et al., 1991; Werner et al., 1992) ; therefore, the neo insertion should specifically disrupt all ␣-type isoforms, leaving the other Fgfr1 isoforms intact. Embryos deficient for the FGFR1␣ isoforms exhibited a defective migration pattern of axial mesodermal cells during node regression, resulting in posterior axial truncation. We show that the FGFR1␣ isoforms are the only isoforms that are expressed during early stages of embryonic development. Although the loss of FGFR1␣ triggered the expression of ␤ isoforms, they could not completely rescue the FGFR1␣ deficiency. These results suggest an indispensable function of FGFR1␣ isoforms in the morphogenetic movements of cells during gastrulation.
MATERIALS AND METHODS
Targeting vector. Recombinant phages containing genomic DNA of the Fgfr1 locus were isolated from a 129 mouse library (Stratagene). To construct the targeting vector for the ␣ isoform of the Fgfr1, a 3.8-kb NruI-EcoRI (the EcoRI site is from the polylinker region of pUC-19) fragment which is 5Ј to the NruI site in exon 3 of the Fgfr1 gene was directionally cloned into SmaI and EcoRI double digested pUC-19. This subcloning step knocks out the NruI site and introduces a BamHI site in front of it. The 3.8-kb BamHI-EcoRI fragment was then cloned into BamHI and EcoRI double digested pPNT (Tybulewicz et al., 1991) . The resulting construct was then cleaved with XhoI and NotI, followed by insertion of a 4.2-kb NruI-NotI (the NotI site is from the polylinker of the phage vector) fragment which is 3Ј to the NruI site in exon 3 of the Fgfr1 gene. The finished construct, Fgfr1 ex3 neo, is shown in Fig. 1A . (Deng et al., 1996) were transfected with NotI-digested Fgfr1 ex3 neo and selected with G418 and FIAU. The culture, electroporation, and selection of TC1 cells were carried out as described (Deng et al., 1994) . ES colonies that were resistant to both G418 and FIAU were analyzed by Southern blotting for homologous recombination events within the Fgfr1 locus. Genomic DNAs from these clones and the parental TC1 cell line were digested with BamHI and then probed with a 2-kb XhoI-EcoRV probe specific to the Fgfr1 sequence ( Fig. 1A) . Targeting events were further examined using a probe specific to the neo gene following digestion of the DNAs with multiple enzymes. A single band with the predicted size was found in all targeted clones, indicating that they are all correctly targeted (not shown).
Homologous recombination in ES cells and generation of germline chimeras. TC1 ES cells
ES cells heterozygous for the targeted mutation were microinjected into C57BL/6 blastocysts to obtain germ-line transmission. The injected blastocysts were implanted into the uteri of pseudopregnant Swiss Webster (Taconic) foster mothers and allowed to develop to term. Male chimeras were mated with NIH Black Swiss females (Taconic). Germ-line transmission was confirmed by agouti coat color in the F1 animals, and all agouti offspring were tested for the presence of the Fgfr1 ex3 allele by Southern blotting or PCR. Genotype analysis. Genotypes were determined by Southern blotting or PCR. For PCR analysis, the wild-type Fgfr1 allele was detected by using a 5Ј oligonucleotide (5Ј TGGAGTCTCTCCTG-GTCCAC 3Ј) and a 3Ј oligonucleotide (5Ј TACGGTTGCTCTCC-ACCAG 3Ј). This primer pair flanks the PGKneo insertion site and amplifies a 117-bp fragment from the wild-type Fgfr1 gene. DNA was also amplified using a neo primer (5Ј CCAGACTGCCTTGG-GAAAAGC 3Ј) combined with the 3Ј oligonucleotide to detect the neo gene in the mutant Fgfr1 allele. In this case, a fragment at about 600 bp is detected in mice heterozygous or homozygous for the Fgfr1 ex3 allele, while no signal can be detected in wild-type mice.
Whole-mount in situ hybridization. Whole-mount in situ hybridization was carried out as described (Riddle et al., 1993) . Probes used in the hybridization were obtained from the following sources: Fgfr1 (nucleotides 392-525, which are specific to IgI), T (Deng et al., 1994) , Fgf8 (C. A. MacArthur), HoxB9 and HoxD3 (M. Capecchi), Fgf15 (C. Murre), Mox1 (C. V. Wright), Otx2 and HNF3␤ (J. Rossant), Pax1 and Pax3 (P. Gruss), and Shh (C. Chiang).
Northern and Western blots. RNA was isolated from tissues using RNA TeT-60 based on the protocol suggested by the manufacturer (Tel-Test "B", Inc.). Poly(A) RNA was prepared using a kit purchased from Pharmacia. About 2 g of poly(A) RNA from each sample was electrophoresed on a 1% agarose gel and transferred to a GeneScreen filter. The filter was then hybridized with a 32 P-labeled Fgfr1 probe which is a 430-bp fragment including nucleotides 460 -890 (Ornitz and Leder, 1992) . A rabbit polyclonal antibody to FGFR1␣ is produced by using a peptide, TRITGEE-VEVRDSIPADS, which is located in the first loop of FGFR1. The antiserum was used as the first antibody at 500-to 1000-fold dilution in Western blot analysis.
Isolation, node microinjection, and whole-embryo culture of E7.5 embryos. E7.5 mouse embryos were microdissected away from uterine and decidual tissues so that the embryo remain enclosed within the intact amnion and visceral yolk sac attached at the ectoplacental cone. Under a fluorescence stereomicroscope (Leica, Inc., Deerfield, IL), 5 nl of 0.01% DiI C18 (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine percholate; Molecular Probes, Eugene, OR) in dimethylformamide was microinjected focally into the node. The embryo was placed into a whole-embryo culture system as previously described (Shum and Sadler, 1998) . Briefly, the embryo was cultured in 75% immediately centrifuged, heatinactivated rat serum and 25% Hanks' balanced salt solution. The cultures were incubated at 37°C and gassed every 12 h with 5% O 2 and 5% CO 2 . Upon termination, the embryos were fixed in 4% paraformaldehyde and examined.
RESULTS

Targeted Disruption of FGFR1␣ Isoforms
Targeting construct pFgfr1 ex3 neo was used to disrupt exon 3 of the Fgfr1 gene (Fig. 1A) . The linearized pFgfr1 ex3 neo was electroporated into TC-1 ES cells (Deng et al., 1996) for homologous recombination. Of 48 G418/FIAU doubly resistant clones analyzed, 20 were correctly targeted ( Fig. 1B) . Two randomly chosen ES clones carrying the targeted Fgfr1 ex3 mutation were subsequently injected into C57BL/6J blastocysts. Germ-line transmission was obtained from both clones. Southern blot or PCR for the presence of the neo gene indicated that about 50% of the agouti offspring had received the Fgfr1 ex3 mutation.
Morphology of Fgfr1 ex3/ex3 Embryos
Mice heterozygous for the Fgfr1 ex3 mutation (Fgfr ex3/ϩ ) were phenotypically normal. When Fgfr ex3/ϩ mice were intercrossed, we found no homozygous (Fgfr1 ex3/ex3 ) mice among 58 newborns and adults analyzed by Southern blotting (Table 1 ). This observation suggested that the Fgfr1 ex3 mutation was a recessive embryonic lethal. To determine the timing of Fgfr1 ex3/ex3 lethality, we dissected embryos from intercrosses between heterozygous mice at different gestational days. As summarized in Table 1 , 13 E8.5 Fgfr1 ex3/ex3 embryos were found in a total of 71 deciduas analyzed. Eleven homozygotes were morphologically indistinguishable from control (wild type and heterozygous) embryos, whereas the remaining 2 embryos were abnormal, displaying phenotypes resembling those of FGFR1 complete deficiency ( Fig. 2A and Deng et al., 1994) . At E9.5, 37 of 48 deciduas contained normal embryos, and the remaining 11 Western blot of E9.5 wild-type and mutant embryos using an antibody specific to ␣ isoforms. Note their absence in mutant embryos. deciduas contained either abnormal embryos or resorptions. A majority of the Fgfr1 ex3/ex3 embryos were significantly smaller than controls. They exhibited relatively normal structures rostral to the forelimb bud, while the posterior halves of the embryos were malformed ( Fig. 2B ). At E10.5, about 50% of the mutant embryos developed further, displaying multiple abnormalities in posterior structures (Figs. 2C-2F). Most of them had a broader forelimb bud bearing an indentation at the middle (arrow in Fig. 2C ). They all had an unclosed neural tube (spina bifida) which began at around the 10th somite and extended posteriorly (Fig. 2G ). The resorption rate increased as embryos aged (Table 1) , suggest-ing that the abnormalities became lethal later during development. At E11.5, 5 mutant embryos of 45 embryos dissected were recovered. Four embryos were severely affected and were in a process of resorption. The fifth, which was significantly larger than the others, showed hemorrhage in the posterior portion ( Fig. 2H ). At E12.5, 9 homozygotes were found among about 700 deciduas analyzed. Notably, all mutants had morphologically normal head, suggesting that loss of FGFR1␣ isoform does not have a major impact on the development of anterior structures (Fig. 2I ). The mutant embryos found at E12.5 were all relatively big and were presumably derived from embryos that were less severely affected during earlier stages. They all exhibited a distal truncation of their limb buds (arrowheads, Fig. 2I ). Southern (Fig. 1C) and Western ( Fig. 1D ) blots confirmed that all abnormal embryos examined were homozygous for the targeted mutation and did not make the FGFR1␣ isoforms.
Axial Truncation in Fgfr1 ex3/ex3 Embryos
Fgfr1 ex3/ex3 embryos died at E9.5-12.5, exhibiting multiple abnormalities along the A-P axis in the posterior portions. No distinct somites caudal to the forelimb bud were visible under dissecting microscope. Embryonic structures in the spinal cord and near the tail regions were disorganized or truncated (Figs. 2B-2I). In wild-type embryos at these stages, embryonic circulation is established through the connection of the umbilical cord to the placenta. The umbilicus is directly connected to the embryonic dorsal aorta at the posterior end, so that the embryos can obtain maternal nutrient supply. However, the posterior portion of the dorsal aorta was absent in mutant embryos ( Fig. 2E ), and E8.75 control (bottom) and mutant embryos showing defect in node regression. The anterior aspects of mutant notochords seemed normal (arrowheads), whereas the posterior tips were enlarged and bent (larger arrows). Notochords near the enlarged tips were often zigzagged (smaller arrows). (D and E) E9.5 control (right) and mutant embryos. Tb, tail bud. The asterisks (*) mark the point of notochord right underneath the otic vesicle of both mutant and control embryos. The length between the asterisk and the caudal end of mutant notochord (arrows) was measured. The control notochord was also measured and a corresponding point roughly equal to the length of mutant notochord was marked by arrows. This measurement indicates that the mutant notochords are significant shorter than the control notochords. (F and G) Sagittal sections of mutant notochord shown in the boxed area in (D). The notochord is continuous in the sections across the center (F); however, it appears as broken pieces in the off-center sections (arrows in G). a These two Fgfr1 ex3/ex3 embryos were abnormal, displaying phenotypes resembling those of FGFR1 complete deficiency. The remaining 11 embryos were morphologically normal.
b Nineteen normal and 2 abnormal embryos were genotyped. Both the abnormal embryos were homozygous for the mutation. In the subsequent experiment, we dissected about 600 E12.5 deciduas generated from heterozygous mating and found 7 additional Fgfr1 ex3/ex3 embryos. blood cells were often found accumulated in the trunk region of the mutants (arrows in Figs. 2B and 2H ). Although the mutant embryos usually had apparently normal placenta and umbilica (not shown), we believe they were not able to obtain nutrients because of the posterior disorganization and the lack of dorsal aorta. Thus, it is conceivable that the axial truncation due to the loss of FGFR1␣ isoforms led to a failure in the establishment of embryonic circulation, resulting in the observed embryonic lethality.
Defective Node Regression in Fgfr1 ex3/ex3 Embryos
To elucidate the cause of the axial truncation, E7.5-9.5 embryos were examined by whole-mount in situ hybridization using several regional markers. While the markers for ventral mesoderm (BMP4, not shown), primitive streak, and tail bud (Wnt3a, not shown) did not detected a consistent alteration in expression of these genes, axial mesoderm markers Sonic hedgehog (Shh) and Brachyury (T ) (Echelard et al., 1993; Herrmann, 1991) revealed abnormal notochord formation. In E7.5-E8 normal embryos, anterior portions of the notochord form first due to the anterior migration of cells from the node (Fig. 3A) . Examination of mutant embryos at these developmental stages did not reveal an obvious abnormality in the anterior notochord formation (not shown). At E8.5, however, they all exhibited abnormalities in axial mesoderm formation as revealed by T and Shh expression ( Figs. 3B and 3C ). Both mutant and control notochords had fully extended anteriorly, suggesting that the formation of anterior notochord is largely unaffected by the loss of FGFR1␣ isoforms. In contrast, the caudal portion of the notochord was absent in mutant embryos. The tips of regressing mutant notochord were enlarged and bent, whereas the control notochords fully extended and reached the posterior end of the embryos (Figs. 3B and 3C) . The abnormality in the notochord extension was more evident in E9.5 mutant embryos (Figs. 3D-3G). Notochord of mutant embryos (n ϭ 20) was measured and found to be significantly shorter than that of controls ( Figs. 3B-3E ). The mutant notochord at the portion near the enlarged tip was often zigzagged (smaller arrows in Figs. 3B-3E) and went out of the plane in off-center sagittal sections (Fig. 3G) . Staining with HNF3␤, a marker for notochord, floor plate, and gut (Ang et al., 1993) , revealed that both notochord and floor plate were affected in mutant embryos (Figs. 3H and 3I), but mutant gut fully extended to the tip of embryos (Fig. 3J ).
Studies carried out in multiple model systems have indicated that the node is the major source of cells giving rise to the notochord (Beddington, 1994; Catala et al., 1996; Lawson et al., 1991; Nicolas et al., 1996; Tam and Beddington, 1987) . To monitor the notochord formation and cell migration pattern in mutant embryos, we labeled cells at the node of primitive streak-stage (E7.5) embryos with the fluorescent marker DiI. The injected embryos were allowed further development ex vivo in a whole-embryo culture system (Fig. 4A) . The labeled embryos were monitored at various time points thereafter from 0 -24 h. In control embryos, DiI-labeled cells were found along the anteriorposterior extent of the notochord 16 h after injection (Fig.  4B ). These labeled cells extended farther away from the site of injection at both anterior and posterior directions when observed 24 h after injection (Fig. 4C ). However, in mutant embryos (n ϭ 8), migrated DiI-positive cells were found only at positions rostral to the injection site ( Figs. 4D-4F ). Taken together, these observations indicated that the loss of FGFR1␣ isoform disrupted node regression, whereas the anterior movement of notochord was largely unaffected.
Neural Tube Defect in Fgfr1 ex3/ex3 Embryos
Because mutant embryos exhibited spina bifida, molecular markers along the anterior-posterior aspects of the central nervous system (CNS) were examined. Hybridization with Otx2 (a marker for forebrain and midbrain; Fig.  5A ), Fgf8 (a marker for the junction between midbrain and hindbrain, not shown), En1, and Krox20 (markers for hindbrain, not shown) did not reveal apparent differences in the expression pattern of these genes. These observations are consistent with morphological analysis showing that there were no apparent abnormalities in the anterior aspects of mutant embryos. However, caudal to forelimb buds, the CNS was highly abnormal and spina bifida was observed in all mutant embryos. Hybridization with a probe for Hoxb9, a posterior neuroepithelium marker, revealed a higher intensity and broader expression pattern in the mutant spinal cord region (Fig. 5B ). Cross sections made at the level of the forelimb bud revealed more Hoxb9-positive cells in mutant than in control embryos (Figs. 5F and 5G) . This is consistent with histological observation that excess amount of neural epithelium is present in the posterior embryonic portion of mutant embryos (Fig. 2E) . Similar observations were made by staining with HoxD3 (Figs. 5C and 5D) and HoxD4 (not shown). In contrast, FGF15, which marks dorsal neuroepithelium (McWhirter et al., 1997) , was expressed at a lower level in the spinal cord region of mutant embryos (Fig. 5E ). Taken together, these observations suggest a role for FGF/ FGFR1␣ signals in regulating cell division and patterning during posterior neural tube development.
Notably, phenotypes described here share some similarities to those of Wnt3a-null embryos generated previously (Takada et al., 1994) . We therefore checked expression of the Wnt3a gene in both Fgfr1 ex3/ex3 and control embryos. Our data showed no obvious differences in intensity and expression pattern in the majority of the parts of embryos in which the gene is expressed, except for the spina bifida region, which showed a broader expression perhaps due to the increased neuroepithelium in mutant embryos (not shown). Thus, the phenotypic similarities between the two mutants may simply be a correlation.
FGFR1␣ Isoforms Are Dispensable for Somitogenesis
Previous investigations showed that FGFR1-null embryos do not form somites (Deng et al., 1994; T. P. Yamaguchi et al., 1994) , suggesting an essential role of this gene in somitogenesis. Transcripts of FGFR1␣ isoforms were detected in all somites and with a much higher intensity in the newly formed somites and presomitic mesoderm (Fig.  6A ). We therefore asked whether the ␣ isoforms are required for somite formation. Whole-mount in situ analysis using a probe for Mox1, which is expressed in the presomitic mesoderm and all components of somites, showed that the first eight somites are normal in mutant embryos (Fig. 6B) . Consistently, histological sections crossing this region of E10.5-12.5 wild-type and homozygous embryos showed a similar somitic organization (Figs. 6E and 6F, arrows). However, somites (after the eight somite) in the vicinity of the spinal cord in mutant embryos were disorganized and uncountable (Fig. 6B, black arrowheads) . Somitic muscle patterning in mutant embryos was further analyzed using additional markers that label the different components of somites, including Pax1 (a marker for sclerotome; Fig. 6C ), Myf5 (a marker for myotome in rostral region and dermamyotome in newly formed somites, not shown), and Pax3 (a marker that stains a part of dermamyotome; Fig.  6D ). Similar to Mox1, all these markers revealed very disorganized "somites" in the spinal cord region (Figs. 6B-6D) and the absence of somites in the posterior portions of the mutant embryos (white arrowheads in Figs. 6B-6D) . The relatively normal appearance of anterior somites and the presence of all somitic lineages in Fgfr1 ex3/ex3 embryos suggest that the loss of the FGFR1␣ does not affect somitogenesis. Consistently, we found that the organization of somites at the spinal cord region in all E12.5 embryos (n ϭ 9) was relatively normal (Figs. 6G and 6H ), assuming these embryos suffered a relatively milder affect of the axial truncation.
Expression of FGFR1␣ Isoforms during Early Embryogenesis
The above analysis indicated that the majority of the Fgfr1 ex3/ex3 embryos survived gastrulation and exhibited phenotypes substantially different from those of FGFR1-null embryos (Deng et al., 1994; T. P. Yamaguchi et al., 1994) . One of the possible explanations is that multiple isoforms of FGFR1 are presented during gastrulation and the loss of FGFR1␣ was compensated for by other isoforms. To investigate this, primers that can distinguish the ␣ and ␤ isoforms were designed and used to examine the expression of the Fgfr1 gene (Fig. 7A) . RT-PCR analysis of embryos from E7.5-11.5 detected only one fragment of 853 bp which contained exon 3 (␣ isoforms) as determined by sequencing. This indicates that ␤-type forms are normally not expressed during this period (Fig. 7B) . Interestingly, in the mutant embryos, the same condition detected a fragment of 586 bp which is generated by a direct splicing from exon 2 to exon 4, suggesting that the loss of the ␣ isoforms triggered the expression of ␤ isoforms. RT-PCR analysis using another reverse primer located in the acidic box yielded a same result (not shown). The differential detection of the ␣ and ␤ isoforms in wild-type and mutant embryos is unlikely to be a PCR bias because the same primer pair could detect both isoforms efficiently when they were mixed at varying ratios (Fig. 7C) . Consistently, Northern blot analysis detected transcripts of about 4 kb, equivalent to the full length of Fgfr1 mRNA, from wild-type embryos and transcripts of smaller size from mutant embryos (Fig. 7D) . The expression level of the mutant transcripts was about one-tenth of that of the wild-type embryos (Fig. 7D) . The RT-PCR products of mutant transcripts were subsequently cloned and partially sequenced (not shown). They were indeed the FGFR1␤ isoforms. Because the Fgfr1 ex3/ex3 embryos survived the gastrulation, we reasoned that expression of the ␤ isoforms partially rescued the early defect caused by the loss of the ␣ isoforms.
Because of the severe abnormalities in posterior portions of Fgfr1 ex3/ex3 embryos, it was suspected that the ␤ isoforms were not expressed in these regions. To address this, we isolated RNA from various regions, including phenotypically normal anterior and abnormal posterior portions of E9.5-11.5 Fgfr1 ex3/ex3 embryos for RT-PCR analysis. A comparable level of Fgfr1␤ transcripts was detected in all samples from mutant embryos (Fig. 7E) . Thus, expression of Fgfr1␤ cannot rescue the FGFR1␣ deficiency, suggesting an indispensable function for Fgfr1␣ in posterior embryonic development.
It was recently shown that Fgfr1c is a functional dominant form, whereas Fgfr1b is dispensable for development (Partanen et al., 1998) . We therefore checked expression of Fgfr1b and Fgfr1c isoforms by RT-PCR using primers located in the alternatively spliced exons that encode IgIII (Fig. 7A) . Our data indicated that transcripts of Fgfr1c isoforms were much more abundant than those of Fgfr1b isoforms in both wild-type and mutant embryos (Fig. 7F) . Thus, the loss of FGFR1␣ isoforms does not affect the ratio of the Fgfr1c and Fgfr1b transcripts.
DISCUSSION
Previous studies showed that embryos null for FGFR1 died during gastrulation, displaying defective mesoderm patterning (Deng et al., 1994; T. P. Yamaguchi et al., 1994) . We have now selectively disrupted the IgI, which is unique to FGFR1␣ isoforms and find that the FGFR1␣-deficient embryos exhibited several novel phenotypes not seen in FGFR1-null embryos. One of the major differences between the FGFR1-null and the FGFR1␣-deficient embryos is that the former dies during gastrulation between E7.5 and E9.5, whereas the latter survives an average of 3 days longer, allowing the assessment of FGFR1 function at different stages of embryonic development. Our analysis indicates that the primary defect is the failure of node regression, a process essential for posterior notochord formation. Consequently, Fgfr1 ex3/ex3 embryos exhibit multiple defects, including truncation of the posterior embryonic axis, spina bifida, and the absence of caudal somites.
FGFR1␣ Isoform
"FGFR1␣ isoforms" refers to those forms of full-length FGFR1 that contain three Ig loops in their extracellular domains. Alternative splicing in the 5Ј region also generates FGFR1␤ isoforms which contain two Ig loops (Hou et al., 1991; Johnson et al., 1991; Werner et al., 1992) . Although the ␣ and ␤ isoforms do not show a significant difference in ligand binding (Yayon et al., , 1993 , they are differentially expressed during vertebrate development. It was shown that the ␣ isoforms were the only forms expressed in embryonic and adult brain, whereas the ␤ forms were detected in some other tissues such as muscle and heart with comparable levels (Bernard et al., 1991) . The differential expression of the ␣ and the ␤ may be significant because it was recently shown that the astrocytic tumors exhibited a gradual shift in expression from FGFR1␣ to FGFR1␤ as they progressed from benign to malignant phenotype (F. . A recent investigation (Prudovsky et al., 1996) showed that cells transformed by FGFR1␣ or ␤ isoforms behaved differently upon bFGF treatment. The FGFR1␣-expressing cells could transfer ligands into nuclei, whereas the FGFR1␤-expressing cells did not have this function, but exhibited a morphological change not seen in the FGFR1␣-expressing cells. We now show that the FGFR1␣ isoforms are the only isoforms detected during early stages of embryonic development. Thus, the targeted disruption of the ␣ isoforms should be predicted to generate phenotypes that are identical to those of FGFR1-null embryos generated previously (Deng et al., 1994; T. P. Yamaguchi et al., 1994) . However, a dramatic difference in phenotypes was found between these two types of embryos. Notably, the loss of the FGFR1␣ triggered the expression of FGFR1␤ isoforms, which may account for the prolonged survival of the Fgfr1 ex3/ex3 embryos. We showed that the Fgfr1␤ transcripts are expressed at about 10% of the Fgfr1␣ transcripts. The Fgfr1 ex3/ex3 embryos were virtually normal up to about E8, suggesting that the ␤ isoforms could replace the ␣ isoforms up to this developmental stage. However, abnormalities occur in the mutant embryos at later developmental stages despite the expression of the ␤ isoforms. One plausible explanation is that the abnormal development in older embryos is due to the insufficient amount of ␤ isoforms. Thus, the observed defects could be simply due to a dosage effect, and not to the loss of FGFR1␣ isoforms. If this is the case, the posterior embryonic development must depend more on the FGF/FGFR1 signals than the anterior development of embryos, which was virtually normal. Alternatively, FGFR1␣ and ␤ isoforms could have an intrinsic difference in responding to some of their ligands whose expression is subject to temporal and/or spatial regulation. Therefore, the ␤ can no longer replace the ␣ when embryos undergo further development and differentiation at later developmental stages. Although more work is needed to distinguish these possibilities, we favor the latter because it is consistent with the differential distribution of the two types of receptors in some tumor and adult tissues (Bernard et al., 1991; F. Yamaguchi et al., 1994) and with the different behaviors of ␣or ␤-expressing cells with regard to FGF ligand treatment (Prudovsky et al., 1996) .
FGFR1␣-Mediated Signals Are Essential for Posterior Mesoderm Formation
FGF/FGFR signals have been described as posteriorizing factors that specify posterior mesoderm formation and neural induction (Cox and Hemmati-Brivanlou, 1995; Kengaku and Okamoto, 1995; Lamb and Harland, 1995) . In Xenopus, injection of a dominant-negative FGFR construct into embryos frequently results in abnormal animals exhibiting virtually complete head differentiation, but lacking trunk and tail structures (Amaya et al., 1991) . Conversely, overexpression of eFGF results in a posteriorized phenotype of reduced head and enlarged proctodaeum (Isaacs et al., 1994) . In mouse, a function of FGFR1 in anterior-posterior patterning has been revealed recently by analyzing mutant embryos carrying hypomorphic alleles generated by neomycin gene insertion or Y766F mutation (Partanen et al., 1998) . Embryos with reduced FGFR1 function survived to birth, displaying posterior truncations and homeotic vertebral transformations (Partanen et al., 1998) . Although phenotypes of FGFR1␣-deficient embryos are much more severe than those of hypomorphic embryos, they are consistent with a function of FGF signals in posterior mesoderm development. Notably, our data showed that the first abnormality associated with the loss of the ␣ isoforms is a failure of notochord to extend posteriorly. Consequently, all mutant embryos do not have caudal notochord. This incidence occurs at E8.5, a time point that precedes all other defects, suggesting it may be a causative reason for, rather than a consequence of, the abnormal development of posterior embryonic portions. The notochord is a major source of transcription and inductive signals, such as T (Herrmann, 1991) , Shh (Echelard et al., 1993) , and HNF3␤ (Ang et al., 1993) . Its formation during gastrulation is, therefore, thought to be decisive for the establishment of the A-P axis. Clonal analysis and in situ DiI-labeling experiments carried out in both chick and mouse showed that node contains a residual stem cell population which acts as a continuous source of axial and paraxial mesoderm (Beddington, 1994; Lawson et al., 1991; Nicolas et al., 1996; Tam and Beddington, 1987) . The migrating notochord in- The loss of transcripts for ␣ isoforms (853 bp) in Fgfr1 ex3/ex3 embryos was accompanied by the detection of transcripts for ␤ isoforms (586 bp). Both 853-and 586-bp fragments were sequenced and were confirmed indeed to be generated from the alternative splicing around exon 3. Primers a, 5Ј-CTTGTTACCAACCTCTAACC-3Ј, and b, 5Ј-ACAT-GAACTCCACATTGCTGC-3Ј, were used in this assay. (C) Plasmids containing the 853-or 586-bp fragment were mixed at the indicated amount (picograms) and subjected to PCR amplification using the primer pair a and b. This analysis indicated that the primer pair amplified the transcripts of ␤ and ␣ at a roughly equal efficiencies. (D) Northern blot analysis of RNA isolated from E11.5 wild-type and mutant embryos. The full-length transcript of Fgfr1 is about 4 kb, while the mutant RNA ran slightly faster with greatly reduced intensity (please also compare with the loading control hybridized with a probe for GADPH). (E) RT-PCR analysis of ␤ and ␣ transcripts in forelimb bud (1), spinal cord (2), head (3), and trunk (4) of both wild-type and mutant embryos. (F) Transcripts of Fgfr1b and Fgfr1c in wild-type by RT-PCR. Lanes 1 and 3 show Fgfr1b transcripts amplified using primer pairs c/e and d/e, respectively. Lanes 2 and 4 are Fgfr1c transcripts using primer pairs c/g and f/g, respectively (c, 5Ј-GCAACTACACCTGCATCG-TGG-3Ј; d, 5Ј-CAGCATTCGGGAATTAATAG-3Ј; e, 5Ј-GTGACA-GTGAGCCACGCAGA-3Ј; f, 5Ј-GCTGGAGTTAATACCACCGAC-3Ј; g, 5Ј-CAGGGCTTCCAGAACGGTCAA-3Ј). duces the overlying ectoderm to form the floor plate which joins the spinal cord lateral walls to form the neural tube (Catala et al., 1996) . Given the crucial role of the notochord in the formation and patterning of the A-P axis, we believe that the defective node regression could block the development of the posterior embryos, leading to the axial truncation.
FGFR1-null embryos did not form somites (Deng et al., 1994; T. P. Yamaguchi et al., 1994) , suggesting that FGFR1 signals are essential for somitogenesis. In the present study, we found that the Fgfr1␣ is expressed at a higher level in the newly formed somites. However, the loss of the FGFR1␣ isoforms did not block the somitogenesis. This suggests that either the FGFR1␣ isoforms are not required for the somite formation or the expression of the ␤ isoform can efficiently compensate for the FGFR1␣ deficiency. The Fgfr1 ex3/ex3 embryos did show abnormal somite formation in the spinal cord region and lack caudal somites; however, the malformation of somites occurred in an area of spina bifida, and the absence of caudal somites happened in the region where notochord was not formed. We believe that these abnormalities could be secondary to malformations of axial mesoderm and/or spina bifida.
FGFR1 Signals Are Essential for Morphogenetic Movements during Gastrulation
FGF receptor mutations have been linked to migration defects of sex myoblasts in Caenorhabditis elegans (DeVore et al., 1995) and tracheal cells and mesodermal cells in Drosophila (Beiman et al., 1996; Gisselbrecht et al., 1996; Reichman-Fried and Shilo, 1995) . Extensive cell movements are detected during mouse gastrulation. Such movements are thought to be essential for placing precursor tissues in the correct order for subsequent morphogenesis (Tam and Behringer, 1997) . During the early phase of gastrulation, the epiblast cells enter the primitive streak and migrate through the node to form the anterior aspect of embryonic structures and the notochord. The node subsequently regresses posteriorly to lay down the posterior portions of the notochord. Due to this two-step gastrulation process, the anterior end of the embryo is more advanced in its development than the posterior end ( Fig. 8A) . Studying FGFR1-null embryos, we and others have previously revealed an essential role of FGFR1 for cells traveling through the primitive streak. The loss of FGFR1, consequently, causes an accumulation of cells in the primitive streak, resulting in an expansion of axial mesoderm at the expense of the paraxial mesoderm ( Fig. 8B) (Deng et al., 1994; T. P. Yamaguchi et al., 1994) . In the chimeric embryos, this defect becomes more obvious and the FGFR1-null cells exhibit a very limited contribution to anterior regions of the embryos (Ciruna, 1997; Deng et al., 1997) . Unlike the FGFR1-deficient and the chimeric embryos, the Fgfr1 ex3/ex3 embryos do not show apparent abnormalities in the primitive streak and anterior notochord, suggesting that the expression of the FGFR1␤ isoforms rescued the anterior migration defect caused by the FGFR1-null mutation. However, our data detected an indispensable role for FGFR1␣ isoforms during the second phase of cell migration as the mutant notochord failed to extend to the posterior end of the embryos (Fig. 8C) . Because the FGFR1␣-deficient cells can move anteriorly, we believe that the observed migration failure is not caused by intrinsic defects that deprive their ability for movement; rather, it may be due to a specific block in receiving inductive signals required for node regression. Several FGFs, such as FGF3, FGF4, and FIG. 8. Defective morphogenetic movement associated with mutations of FGFR1. (A) In wild-type E7.5 embryos, the primitive streak (Ps) has been fully extended to the distal tip of the egg cylinder. Epiblast cells ingress the streak and migrate both anteriorly through the node (long arrows) and laterally around the circumference (curved arrows) of the egg cylinder to form nascent mesoderm. At about E8.5, the node (orange ball) regresses posteriorly to form the caudal extent of the notochord (short strait arrows). At E9.5, a distinct anterior-to-posterior gradient of developmental maturity is observed due to this two-step morphogenetic movement. (B) In FGFR1-deficient (Fgfr1 ex6/ex6 ) embryos, epiblast cells cannot travel through the primitive streak and consequently accumulate in the midline of the mutant embryos (blue color pointed by an arrowhead). The movement of cells to extraembryonic tissue (arrows) is not affected, as shown by the formation of allantois (Al). (C) In Fgfr1 ex3/ex3 embryos, the first phase of cell movement toward the anterior is largely unaffected and the relatively normal anterior embryonic structures can be formed. However, the second phase of cell movement is defective, leading to the malformation of structures in spinal cord region (curved shaded area) and truncation of the posterior embryonic axis.
FGF8 (Crossley and Martin, 1995; Hé bert et al., 1991; Niswander and Martin, 1992; Wilkinson et al., 1988) , are expressed within the primitive streak and around the node at the time of its regression. Some of these growth factors may serve as endogenous ligands that interact with FGFR1␣ isoforms to control the cell movement.
While this study concentrated mainly on the posterior embryonic defects that may be directly or indirectly linked to the defective node regression, we also detected limb bud abnormalities in the Fgfr1 ex3/ex3 embryos. To readers who are interested in limb development, this part of our work has been included in our recent review on FGF receptors and limb development (Xu et al., 1999) .
